Experimental demonstration of the steering of an optical vortex soliton by the superposition of a weak coherent background field is presented. A model to account for vortex motion is derived, and its validity is verified experimentally and numerically.
The existence of stable three-dimensional black solitons of circular symmetry (vortex solitons) was first predicted in Ref. 1 and experimentally demonstrated in Ref. 2 . These solitons are the subject of a significant amount of recent interest 3, 4 because of their potential for light-guiding light in all-optical processing. 1 They can serve as steerable conduits for information-carrying beams, as has been shown for spatial solitons in planar geometry. 5, 6 Initial investigations 7 demonstrated that the angular position of vortex solitons in a beam could be controlled by modif ication of either the intensity of the carrying beam or the medium nonlinearity. However, these steering methods can also induce undesirable changes in the waveguiding properties of the solitons. Here we demonstrate a novel steering mechanism whereby a weak, secondary beam, copropagating and coherent with the vortex f ield, is used to manipulate the vortex position. Steering is obtained by modif ication of the properties of this coherent field. This scheme results from earlier investigations 4 and also from the properties of linear propagation 8 and can be contrasted with the steering of planar dark solitons. 6, 9 First we describe the vortex interaction with its carrying f ield. We start from the nonlinear Schrödinger equation for the slowly varying envelope E of the electric f ield:
where k 0 is the free-space wave number, n 0 is the linear refractive index, I jEj 2 is the beam intensity, f ͑I ͒ 2k 0 2 n 0 n nl ͑I͒ is determined by the intensitydependent correction n nl ͑I ͒ to the refractive index, and = is a transverse gradient. We look for the solution of Eq. (1) in the form 10 u p I b exp͑iu b ͒v and assume that both the background intensity I b and the phase u b satisfy Eq. (1). This yields the equation for the vortex field v:
where the complex vector F is defined by the background f ield, F F r 1 iF i ϵ = ln I b 1 2i=u b , and jvj ! 1 for large r. A slow change of the background field ͑=I b , =u b ϳ e͒ leads to vortex drift. To f ind the drift velocity, dR͞dz ϳ e, we apply an asymptotic expansion, v v 0 1 ev 1 1 . . . , where v 0 r͑r͒exp͑imf͒, withr r 2 R, gives a static vortex located at R͑z͒ and m 61 is its charge (chirality). The drift velocity can be then found from the first order in e:
where = Ќ ͑2≠͞≠y, ≠͞≠x͒ is the transverse gradient rotated by 90 ± and C is a slowly varying function of I b .
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The f irst component of velocity, on the righthand side of Eq. (3), is along the direction of energy f low in the background f ield. The second term is a velocity component directed along an intensity contour. For instance, in a circularly symmetric background, the vortex will spiral in a direction def ined by its charge m.
To obtain more specific vortex dynamics, we use a Gaussian ansatz to estimate the self-defocusing evolution of a background beam. This allows the predictions of the model to be directly tested against the motion of a vortex nested in a laser beam. The resulting system of equations can be integrated to yield, in polar coordinates,
where the beam radius w͑z͒ can be calculated by various methods. 7 For linear propagation ͑C ! 1͒, this approach agrees with the other methods. 8, 12 Equation (4) shows that the initial radial displacement of the vortex in the waist of its carrying beam is amplified by the factor w͑z͒͞w͑0͒. In general, though, the beam width will be larger than that for propagation, because it now characterizes a self-defocused beam. Consequently, the factor amplifying initial radial displacement, w͑z͒͞w͑0͒, will be larger than for the corresponding linear propagation. A series of experiments and simulations was undertaken to measure the amplification of the initial radial displacement. The nonlinear medium was composed of a 20-cm-long cylindrical Pyrex cell containing atomicrubidium vapor. A Ti:sapphire laser provided the cw Gaussian beam, which was tuned to one of the hyperf ine 5s -5p 3/2 resonances of the rubidium atom, at a wavelength of 780 nm, for a strong nonlinear response to propagation through the cell. The vapor cell was heated to 110 ± C, yielding a vapor concentration of 10 11 cm 23 . The medium entered the self-defocusing regime of nonlinearity when the laser was detuned to the lower frequency region of the resonance. To generate the initial condition, we imaged the waist of the Gaussian beam onto the surface of a singly charged vortex phase mask 13 with a telescope. The first diffracted order of this mask was then imaged onto the plane of the nonlinear cell's input window, providing an initial condition consisting of a singly charged vortex nested centrally at the waist of a Gaussian beam. The position of the vortex in the initial field was controlled by translation of the phase mask across the beam. Figure 1(a) shows a typical intensity distribution at the output with the vortex nested at the approximate center of the beam. Figure 1(b) shows the output under the same conditions, apart from a translation of the phase mask. There is little change in the beam away from the core of the vortex, as is seen in Fig. 1(c) , upon which cross sections on a line through the vortex cores of Figs. 1(a) and 1(b) are overlaid. To measure the size of the output background, w͑z 20 cm͒, we removed the vortex from the prof ile and calculated the average 1͞e 2 radius of undisturbed background.
For a variety of nonlinearities, the vortex displacement at the output of the medium was measured with respect to the initial displacement, with the results plotted in Fig. 2 . The relationship between input and output positions is approximately linear, as predicted, even though the beam prof ile deviates fairly strongly from its Gaussian model. The predicted slope of this line, given by w͑z 20 cm͒͞w͑0͒, was obtained by measurement of the 1͞e 2 beam waists of the vortex carrying f ield. Comparison of the slopes of these lines with predictions of the model, also shown in Fig. 2 , agree extremely well for an essentially asymptotic model. However, the effects of the deviation from the Gaussian profile are more clearly seen. From the linear medium, in which the model and the experiment match perfectly, the error increases as the beam prof ile becomes less Gaussian with increasing nonlinearity. This increase of error with nonlinearity is also due to the fact that the model has neglected nonlinear absorption, which is experimentally present, in increasing proportions, as the nonlinearity is increased. Simulations of the beam propagation with which we attempted to model both the refractive and the absorptive responses of the medium were carried out and yielded an excellent fit with the experimental data, as plotted in Fig. 2 (solid curves) . The angular motion of the vortex predicted by Eq. (5) was not measured in these experiments, because adequate data for comparison were already obtained. 7 To use the amplification of radial displacement in a steering scheme, we employed the method of coherent interference mentioned above. A portion of the beam was split before the vortex mask and recombined near the cell input with a second beam splitter, providing a weak coherent field with ϳ 5% of the maximum intensity of the vortex background. Both beams were linearly polarized in the same direction, and a silica plate coated over half its surface with a SiO 2 layer was placed in the path of the weak beam. By sliding the plate from the uncoated half of the surface to the coated one, we retarded the beam phase by p. The use of a weakly interfering f ield induces a small change in the vortex position with respect to the beam axis without the destruction of the Gaussian background prof ile because of strong interference fringes. The amplitude of the interfering f ield controls the initial radial displacement of the vortex, R͑0͒, and the phase controls its angular position u͑0͒. This weak f ield, producing a small initial shift in the vortex radial position, can induce a much larger shift after nonlinear propagation. This allows the input port of the vortex-induced waveguide to remain approximately fixed while the output port is steered by the coherent background. Changing the phase of the coherent background should, according to Eq. (5), permit any angular position to be selected as the output position of the induced waveguide, although the absolute rotation for nonlinear propagation will be less than the linear rotation, given equivalent initial conditions. The self-defocusing contraction of the vortex core, as it reshapes to form the soliton, should also improve the resolution and the number of distinctly selectable output positions.
Figures 3(a) and 3(c) show the intensity at the cell input for a vortex f ield of 22 mW and a coherent background of 4 mW, where the interfering beam in Fig. 3(c) has been retarded by the phase plate. The size of the interfering beam is ϳ4 times larger than the w 0 ഠ 0.33 mm waist of the vortex background. It can be seen that for the two cases of coherent interference, differing by p phase, there is little shift in the absolute position of the vortex but a perceptible shift in the distribution of its carrying field, leading to an effective shift of the vortex with respect to the center of its carrying beam. Figures 3(b) and 3(d) show the intensity prof iles obtained after defocusing propagation, demonstrating a 180 ± change in vortex position for out-of-phase steering beams. The radial displacement of the vortex was ϳ 160 mm, a factor of 1.8 larger than the corresponding displacement after linear propagation (90 mm). This is well modeled by Eq. (4), which suggests that the increase in radial displacement with nonlinear propagation will correspond to the increase in the width of the carrying beam. The output radius of the carrying beam with no vortex after linear propagation was ϳ0.36 mm. With self-defocusing propagation with the 1͞e 2 radius of the background intensity prof ile, this propagation value increased ϳ1.8 times to 0.66 mm. According to Eq. (4), this is in excellent agreement with the observed increase in vortex displacement and shows that the model is well suited to describe steering behavior by coherent interference with a control beam.
In conclusion, on the basis of the proposed theory of vortex drift in a slowly varying field, we have demonstrated a novel method for steering of optical vortex solitons.
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